This paper presents the design, fabrication, and characterization of temperature sensitive quartz resonators fabricated using heterogeneous integration methods for realizing high-density, thermal conductance fluctuation limited infrared imaging arrays operating at room temperature. High frequency (241 MHz) micromachined resonators from Y-cut quartz crystal cuts were fabricated with a temperature sensitivity of 22.16 kHz/ o C. Infrared measurements on the resonator pixel resulted in a noise equivalent power (NEP) of 3.90 nW/Hz 1/2 , a detectivity D* of 9.17x10 7 cm Hz 1/2 /W, and noise equivalent temperature difference (NETD) of 46.6 mK in the 8-14 m wavelength range. The thermal frequency response of the resonator was determined to be faster than 33 Hz, demonstrating its applicability as a video-rate uncooled infrared sensor.
Introduction
The theoretical possibility of using thermally sensitive quartz resonators as uncooled infrared imagers has been proposed in the literature for some years [1, 2] but the experimental realization of these sensors has yet to be fully demonstrated. Quartz resonators fabricated from certain crystal cuts can be used as sensitive temperature sensors with unprecedented resolutions of up to 10 -6°C [3] . Table 1 lists the temperature coefficient of the resonance frequency for different quartz crystal cuts at ambient temperature [2] . This phenomenological sensitivity of quartz crystals makes them highly competitive technology alternative to the currently used uncooled thermal detectors such as vanadium oxide-based bolometers [4] , thermopiles, and pyroelectric detectors [5] . Specifically, Y-cut quartz exhibits an extremely high temperature coefficient of resonance frequency (TCF) of +90 ppm/K and has been used in this work. In spite of the promising material characteristics, the fabrication of small thermal mass quartz resonator structures in large arrays and their integration with CMOS interface electronics continue to be challenging. In this paper we present a fabrication process flow to address some of these challenges. Experimental results on uncooled thermal IR detectors based on microfabricated Y-cut quartz resonators are also presented. The resonance frequency of bulk acoustic wave quartz resonators is determined by the thickness of the resonator t as:
where is the elastic modulus and is the density of quartz. For quartz, = 2.95 x 10 10 Pa and = 2.65 x 10 3 kg/m 3 . Typical commercially available resonator crystals consist of 100 to 300 m thick quartz with resonance frequencies in the 5 to 20 MHz range. Quartz resonator-based IR detector is a thermal detector in which the rise in temperature of the quartz pixel is transduced as an increase in the frequency of the quartz resonator. Since the phenomenological sensitivity of quartz is very high, the fundamental limitation in the temperature resolution is set by the noise limit of the spontaneous temperature fluctuations of the detector element due to conductive coupling to the heat sink [6] . The noise equivalent temperature difference (NETD) is frequently used to characterize the performance of a focal plane imaging arrays. For a thermal imaging system, the NETD is defined as:
where F is the f-number of the optics, T D is the detector temperature, B is the bandwidth used in the measurement, is the absorption coefficient of the pixel, G SUP is the thermal conductance of the pixel supporting structures (W/K), 0 is the transmittance of the atmospheric path between the scene and system multiplied by the transmittance of the optics, and ( M/ T) d is a reference blackbody emission function integrated over the wavelength range of interest (for 300 K scene temperature in the 8-14 m spectral interval its value is 2.62x10 -4 W/K-cm 2 and in the 3-5 m spectral interval its value is 0.21 x 10 -4 W/K-cm 2 [5] ). The response time of all thermal detection mechanisms is given by
where H PIX is the pixel heat capacity. Attaining minimum possible NETD requires a very small thermal conductance for the pixels i.e., a low G SUP value. On the other hand, small form factor pixels having low H PIX value are required in order to keep the response time low enough to meet the video-rate sampling performance requirements.
Device Design and Fabrication
Fig. 1 shows a schematic illustration and an optical image of the fabricated device. The device consists of a thin, freestanding, single-crystal Y-cut quartz resonator integrated onto a silicon substrate. The fabrication process is schematically illustrated in Fig. 2. A 100 m thick Y-cut quartz wafer is bonded onto an oxidized and etched silicon wafer using aligned and patterned indium solder bonding performed at 200 °C. Prior to bonding, the bottom electrode of the resonator consisting of Ti/Au is patterned. The bonded quartz wafer is thinned down using a highdensity inductively coupled plasma (ICP) etching step to a thickness in the 4-8 m range [7] . The top Ti/Au electrode is thereafter patterned using lift-off technique. Finally, the release mask is defined and the quartz is etched through using an ICP etching step to create the corner supported free-standing, thermally isolated, quartz IR detector. 
Results and Discussion
The resonance characteristics of the individual resonators were measured using an Agilent 4395 impedance analyzer following short, open and load (51 ) fixture compensation measurements. Fig. 3a shows a typical resonance curve obtained for the fabricated devices in air. The resonance frequency was found to be 241 MHz, implying a pixel thickness of 6.9 m. The quality factor of the fabricated device was 4200. The temperature sensitivity of the resonators was measured in the 22-50 °C temperature range. The device showed a linear response with a temperature coefficient of 22.16 kHz/°C or 92 ppm/°C -close to the expected value for the Y-cut crystal. A broadband (2-20 m) pulsed infrared light source with a parabolic reflector and without any window, obtained from Ion Optics Inc., was used for the infrared calibration experiments. The infrared source with a beam diameter of 5 mm was modulated using an optical chopper at full intensity and frequencies up to 100 Hz. A Heimann ® thermopile sensor with 1.2 mm x 1.2 mm area and CaF 2 window with ~90% transmission up to 10 m was used for infrared source calibration. The calibrated sensitivity of the thermopile sensor is given to be 29.5 V/W with a time constant of 9.3 ms. The resonance frequency was monitored by performing calibrated impedance versus frequency scans. Fig. 3b shows the response of a quartz resonator pixel to chopped infrared irradiance at a frequency of 3.8 Hz. From the noise measurements in 1 Hz bandwidth, a noise equivalent power of 3.90 nW/Hz 1/2 and a detectivity of 9.17 x 10 7 cm Hz 1/2 /W were deduced. The observed NETD of the sensor was 46.6 mK as compared to a value of 0.5 mK predicted using eq. 2. The discrepancy can be accounted by the simplistic assumptions made in the calculation such as 100% absorption of the incident radiation as well as calibration errors in the incident radiation density over the wavelength range of interest, and the noise of the electronics used in the experiment. The response time of the device was measured by monitoring the relative amplitude of the pixel response as the chopper frequency was increased up to 100 Hz. A Bode plot of the relative response of the pixel was plotted from which a thermal time constant of <30 ms was measured -allowing for a 33 frames per second video rate. The predicted time constant for the pixel using eq. 1 was 10 ms which agrees within a factor 3 with the measured time constant. Since the calculation of time constant does not depend upon assumptions relating to the absorbance, transmission losses, and accuracy of the calibration of the power output from the IR source, this prediction has better agreement with the experimental values as opposed to the NETD calculation. 
Conclusions
Uncooled infrared detectors for thermal imaging applications with a time constant of less than 30 ms and NETD of 46 mK have been demonstrated in this work. Y-cut thickness shear mode resonators with a thickness of 7 m (f 0 = 240 MHz) were fabricated using heterogeneous integration techniques. Although the fabricated pixel pitch was 500 m, the developed technology has good scalability due to the use of high resolution planar lithography steps, inductively coupled plasma etching used for the thinning and release of the resonators, and the high thermal conductivity indium support that provides good thermal contact to the substrate and minimal thermal cross-talk between neighbouring pixels. The low thermal budget of the fabrication process (< 200 °C) and the cointegration on to a silicon wafer will enable direct CMOS interfacing in future designs of these sensor arrays. Time ( 
